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Abstract 
Neuromelanin is an amorphous pigment of the catecholamine origin that accumulates in certain dopaminergic neurons of the 
substantia nigra of human brain. In Parkinson's disease, there appears to be selective degeneration of the most he~.vily pigmented neurons 
of the substantia nigra, and this process has been linked to the presence of neuromelanin. It has been postulated lhat neuromelanin could 
increase the risk of oxidative stress reactions. On the other hand, melanin is usually considered to be an efficie:at antioxidant. Here we 
analyze experimental conditions that stimulate, or inhibit, antioxidant properties of neuromelanin. Using electron spin resonance 
(ESR) - spin trapping technique and salicylate hydroxylation assay, we monitored the formation of free hydroxyl radicals generated by a 
Fenton system in the presence of varying concentration of dopamine-melanin, a synthetic model for neuromelanin. Our data clearly 
indicate that the antioxidant action of neuromelanin s predominantly due to its ability to sequester redox-active metal ions such as iron. 
Using direct ESR spectroscopy, we have shown that ferric complexes with neuromelanin are resistant o reduction by mild biological 
reductants uch as ascorbate. We have demonstrated that dopamine-melanin saturated with ferric ions, could enhance the formation of 
free hydroxyl radicals by redox activation of the ions. Thus, under the conditions that stimulate the release of accumulated metal ions, 
neuromelanin may actually become an efficient prooxidant. It is conceivable that neurometanin, which normally is able to protect 
pigmented opaminergic neurons against metal-ion related toxicity, could under extreme conditions have a cytotoxic role. 
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1. Introduction 
In primates, particularly humans, certain dopaminergic 
neurons of the substantia nigra (SN) accumulate with age a 
distinct pigment that is known by the generic name neu- 
romelanin (NM) [1]. It is believed that the in vivo forma- 
tion of NM, unlike melanogenesis in other tissues, is 
entirely an autoxidation process involving dopamine and 
perhaps other molecules as well [2,3]. Neither the molecu- 
lar structure of NM nor its biological functions have been 
established yet. 
In Parkinson's disease (PD), there appears to be selec- 
Abbreviations: NM, neuromelanin; DAM, synthetic dopamine- 
melanin; SN+ substantia nigra; PD, Parkinson's disease; ESR, electron 
spin resonance; DTPA, diethylenetriaminepenta acetic acid; EDTA, ethy- 
lenediaminetetraacetic acid; DMPO, 5,5-dimethyl-l-pyrroline-l-oxide; 
DHB, 2,3- and 2,5-dihydroxybenzoate. 
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tive degeneration of heavily pigmented opaminergic neu- 
rons of the SN [4], and it has bee+a proposed that this 
process is related to the presence of NM [5-7], which 
under certain conditions could induce oxidative stress reac- 
tions. 
Even though very little is known about physiochemical 
properties of NM, its high iron-binding affinity has been 
shown in vitro [8], and confirmed in situ, in the pigmented 
neurons of the SN [9]. In the latter study the authors, using 
energy dispersive X-ray microanalysL,;, were able to detect 
high iron content in single pigment granules of the pig- 
mented neurons of SN. Association of ferric ions with 
neuromelanin in unprocessed frozen SN tissue has also 
been shown by electron spin resonance spectroscopy [10]. 
The ability of NM to sequester rectox-active metal ions 
may be of particular importance in the physiology and 
pathophysiology of the pigmented brain regions [11]. It can 
be argued that bound-to-melanin iron or copper ions repre- 
sent relatively small risk to the pigmented cells as prooxi- 
dizing agents, since any metal-ion-catalyzed formation of 
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hydroxyl radicals (or other strongly oxidizing species) will 
be highly site-specific, i.e., restricted to within the melanin 
granule [12]. 
All melanins exhibit electron exchange properties [13], 
which probably contribute to melanin's antioxidant activ- 
ity. Thus, synthetic melanin polymers were shown to be 
efficient scavengers of free radicals from water radiolysis 
[14] and quenchers of singlet oxygen [15]. Melanins can 
also inhibit peroxidation of lipids in model system [8,16]. 
However, it is conceivable that the redox activity of 
melanin could lead to adverse ffects. This may happen if 
melanin reduces, thus activates, ferric or cupric ions that 
are present in melanotic systems. 
In this work, we describe the modulatory effects of NM 
on yield of hydroxyl radicals generated via Fenton reac- 
tion, and identify some of the experimental conditions that 
may stimulate antioxidant or prooxidant action of this 
unusual pigment. 
2. Materials and methods 
2.1. Melanin 
Synthetic neuromelanin (DAM) was prepared by autox- 
idation of 3,4-dihydroxyphenethylamine (dopamine) as 
previously described [17]. Briefly, air was bubbled through 
25 mM aqueous solution of dopamine chloride (Sigma 
Chemical, St. Louis, MO), and the pH was kept around 7 
(+0.5) by dropwise addition of 0.1 M NaOH. Progress of 
the polymer formation was monitored by measuring inte- 
grated absorbance (350 nm-  600 nm) of aliquots taken at 
selected time intervals from the reaction mixture. After the 
absorbance changes with time became negligible, the mix- 
ture was acidified to pH 3 with concentrated hydrochloric 
acid. A black precipitate was spun down and washed 
extensively on Amicon XM-300 membrane with chelex- 
treated istilled water. Yield of DAM synthesis was deter- 
mined by the gravimetric method, after drying aliquots 
taken from the stock suspension of DAM, which was 
stored at 4 ° C for further use. 
2.2. Preparation of melanin-iron complexes 
To acidified (pH 3) suspension of DAM, placed on a 
magnetic stirrer, a specified amount of acidified solution of 
ferric chloride was added, pH was then gradually adjusted 
to 6 with 1 M NaOH, and melanin-iron complexes were 
left to equilibrate at room temperature for several hours 
before experiments, pH of the melanin-iron samples was 
checked and adjusted to 6, as required. 
2.3. Preparation of iron complexes with small molecular 
weight ligands 
Ferric complexes with diethylenetriaminepentaacetic 
acid (DTPA) (Aldrich Chemical, Milwaukee, WI) or cit- 
rate were prepared by addition of a measured amount of 
FeC13 to acidified (pH 2-3), distilled water. Then the pH 
was raised to 7 by gradual addition of 1 M NaOH. Ferrous 
complexes were prepared similarly, except FeSO 4 was 
added to deoxygenated water and samples were kept under 
argon. In all experiments, unless stated otherwise, the final 
concentration f iron was 0.25 mM and that of the ligand 
3.75 mM. 
2.4. Reducibility of iron(llI) in complexes with melanin 
The relative amount of ferric ions bound to melanin, 
before and after exposure to either sodium dithionite or 
sodium ascorbate (Sigma Chemical), was determined by 
measuring ESR signal intensities of characteristic 
iron(III)-complexs with melanin [18]. Melanin samples 
were run as frozen solutions at 77 K, in standard 3 mm i.d. 
quartz tubes using a fingertype quartz dewar (Wilmad 
Glass, Buena, NJ, USA). The length of the samples was 
3-4 cm long, exceeding the effective length of a TEl02 
resonant cavity. ESR measurements were carried out on a 
Bruker ESP300E spectrometer operating at X-band and 
equipped with 100 kHz field modulation. 
2.5. Determination of free hydroxyl radicals by electron 
spin resonance-spin trapping 
Hydroxyl radicals were generated by a Fenton-type 
system consisting of ferrous complexes and hydrogen per- 
oxide [19]. The yield of the free hydroxyl radicals was 
determined by the formation of characteristic spin adducts, 
using 5,5-dimethyl- 1 pyrroline- 1 oxide (DMPO) as the spin 
trap [20]. DMPO obtained from Aldrich Chemical 
(Milwaukee, WI) was redistilled in vacuo before use. 
Spin trapping experiment was performed as follows: 10 
mM DMPO and selected concentration f DAM in 10 mM 
phosphate buffer (pH 7.0) was deoxygenated by bubbling 
through argon for 15 min. After addition of iron complexes 
and H20 2 (0.5 raM), the sample was immediately injected 
into an ESR flat quartz cell, which was already situated in 
a tuned resonant cavity of ESR spectrometer. Typical time 
between mixing the reagents and the beginning of ESR 
signal acquisition was 1 min. Spectra were recorded at 
room temperature using 10 mW microwave power and 
0.143 mT modulation amplitude. Concentrations of the 
spin adduct were calculated by comparing its integrated 
spectra with those of known amount of 3-carbamoyl- 
2,2,5,5-tetramethyl-3-pyrroline-1-yloxy (Aldrich Chemical, 
Milwaukee, WI). 
As evident from Fig. 1, distinct ESR spectra could only 
be observed in a complete Fenton system. Magnetic pa- 
rameters of the spectrum, shown in Fig. 1B, (a N = a N = 
1.49 mT) are identical with those of the DMPO-OH radical 
adduct [21]. To make sure that the observed DMPO-OH 
adducts are primary products of the interaction of DMPO 
with hydroxyl radicals, we also carried out the spin trap- 
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Fig. 1. ESR spectra of DMPO-spin adducts formed in samples containing, 
l0 mM DMPO, 10 mM phosphate buffer (pH 7.0) (A) and 0.25 mM 
Fe(II), 3.75 mM DTPA (B) and 0.25 mM Fe(II), 3.75 mM DTPA, 0.1 M 
sodium azide (C). Spectra were recorded with the same receiver gain. 
ping measurements in the presence of 0.1 M sodium azide 
(Sigma Chemical), used as a competitive scavenger of OH 
(Fig. lc). As expected, azide significantly modified the 
detectable EPR spectrum - the characteristic quartet of 
triplets unambiguously indicates spin trapping of azide 
radicals [22], which are formed in the reaction of OH with 
N 3. Therefore, it can be assumed that a substantial fraction 
of free hydroxyl radicals, generated in our Fenton system, 
was detected by the spin trapping technique. 
2.6. Determination of free hydroxyl radicals by salicylate 
hydroxylation assay 
High performance liquid chromatography with electro- 
chemical detection was used to quantitate hydroxylation 
products of salicylate in hydroxyl-radical generating sys- 
tems [23]. Samples containing 1 mM salicylate and speci- 
fied amounts of melanin-iron complexes, ascorbate and 
hydrogen peroxide in 10 mM phosphate (pH 7) were 
incubated at room temperature for 10 rain. After that, they 
were diluted 10 times with 10 mM desferioxamine (Ciba- 
Geigy) and filtered. Products were separated on 250 × 4.6 
mm Nucleosil C 18 5 ~ reverse-phase column (Alltech) and 
detected using an HP 1049 electrochemical detector with 
glassy-carbon electrode set at operating potential +600 
mV. The mobile phase consisted of 30 mM citric acid and 
27 mM sodium acetate at pH 4.7, and was delivered at the 
rate 1.2 ml/min. 2,3- and 2,5-dihydroxybenzoate w re 
eluted as single peaks at 8.7 min and 10 min, respectively. 
Quantitation was based on calibration curve prepared from 
authentic standards. 
The effect of DAM on spin trapping of free hydroxyl 
radicals, generated by the Fenton reaction, was studied in 
systems containing ferrous ions bound to a strong chelator 
(DTPA) and weak chelator (citrate) (Fig. 2). A significant 
inhibition of the formation of DMPO-OH was apparent 
when citrate-Fe(II) complexes were used. In such samples, 
1 mg/ml  DAM reduced the maximum level of DMPO-OH 
by 97%. On the other hand, the same concentration of 
DAM had only a minor effect on the formation of DMPO- 
OH (9% inhibition), when DTPA-Fe(II) was used to gener- 
ate hydroxyl radicals. 
Even though DMPO-OH is a relatively stable spin 
adduct, melanin could accelerate its decay leading to erro- 
neous estimates of the amount of free hydroxyl radicals 
formed. Therefore, we measured intensities of the DMPO- 
OH signals as a function of time. in the presence of 
different concentrations of DAM (Fig. 3). It can be seen 
that the decay of DMPO-OH was accelerated only by the 
highest concentration of melanin used (0.5 and 1.0 mg/ml).  
Since melanins have been shown to reduce nitroxide radi- 
cals to hydroxylomines [24], we may conclude that the 
observable effect is due to one-electron reduction of 
DMPO-OH to its diamagnetic form. 
To determine whether DAM had the ability to reduce, 
hence activate, ferric ions, we monitored rates of the 
formation of DMPO-OH in samples containing ferric ions 
and H202. In the absence of DAM, a very slow formation 
of DMPO-OH could be seen, which was probably due to 
an inefficient reduction of DTPA-Fe(III) by H202. A 
dramatic increase in the rate of formation of DMPO-OH 
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Fig. 2. Normalized maximum levels of DMPO-OH spin adduct generated 
by H20 z and ferrous ions complexed with D'FPA (• )  and citrate (v )  as 
a function of DA-melanin concentration. Experimental conditions: Fe(II) 
0.25 mM, H202 0.5 raM, DMPO 10 mM, DTPA 3.75 raM, citrate 2.5 
raM, 10 mM phosphate buffer, pH 7.0. 100% corresponds to 49 /zM 
DMPO-OH in samples with citrate-Fe(II) anc 13.5 /xM in samples with 
DTPA-Fe(II) complex. 
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Fig. 3. Decay of DMPO-OH spin adduct, generated by H202 and ferrous 
DTPA, induced by DA-melanin. Experimental conditions as in Fig. 1. 
Melanin concentrations: 0 mg/ml (El), 0.03 mg/ml (v) ,  0.1 mg/ml 
(©), 0.3 mg/ml (O), 1.0 mg/ml (v) .  
was observed in the presence of DAM (Fig. 4). The initial 
rate of the adduct formation increased with increasing 
concentration of melanin until it reached a plateau. The 
results indicate that at least two processes - melanin-in- 
duced reduction of ferric ions and DMPO-OH - occur. It 
is likely that at some concentrations of melanin these 
processes may compensate each other. 
When citrate-Fe(III) complexes were used to catalyze 
the free radical decomposition of H 202, DAM affected the 
formation of DMPO-OH in a complex way (Fig. 4). At 
low concentration, DAM increased the rate of DMPO-OH 
formation, however, after reaching a maximum, further 
increase in the concentration of DAM had an inhibitory 
effect. The results can be explained in terms of competi- 
tion between the ability of melanin to reduce ferric ions 
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Fig. 4. Initial rates of the formation of DMPO-OH spin adduct as a 
function of DA-melanin concentration. Ferric ions complexed with DTPA 
(0 )  and citrate (O). Other experimental conditions as in Fig. 1. 
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Fig. 5. Effect of EDTA on yield of DHBs generated by iron-melanin 
complex (Fe(III) 0.2 mM, DA-melanin 1 mg/ml) in the presence of 
H202 (5 mM) and ascorbate (2 mM). Concentration of salicylate was I 
mM; DHB concentration was calculated as total of 2,3- and 2,5-dihy- 
droxybenzoate. Data points are mean+S,D, of values from duplicate 
experiments. 
and to bind them. Evidently, bound-to-melanin ferric ions 
are inefficient catalyst for HaO2-dependent generation of 
OH. This aspect of the melanin antioxidant properties of 
melanin has been analyzed in an ascorbate-driven Fenton 
reaction, using salicylate as an indicator of free hydroxyl 
radicals. When ferric ions were bound to DAM, very little 
hydroxylation products of salicylate (DHB) could be de- 
tected (Fig. 5). With increasing concentration ethylene 
diaminetetraacetic acid (EDTA), an increased formation of 
DHB was observed. It appears that partial release of 
Fe(III), induced by higher concentration of EDTA, stimu- 
lated the formation of DHB. 
The reduced ability of bound-to-melanin Fe(III) to gen- 
erate free hydroxyl radicals could result from a modifica- 
tion of their redox properties or simply are due to an 
efficient scavenging of OH by the melanin itself. We 
addressed this question in an experiment, in which the 
amount of ferric ions bound to melanin with DAM, before 
and after exposure to ascorbate and dithionite, was mea- 
sured directly by ESR spectroscopy. The data are shown in 
Fig. 6. It is quite apparent that, while dithionite induced a 
marked decrease in the ESR signal intensity of DAM- 
Fe(III) complexes, ascorbate, even at relatively high con- 
centrations, had no such effects. Since dithionite is a 
stronger reducing agent than ascorbate, the effect of 
dithionite on ESR signal of DAM-Fe(III) can be explained 
by partial reduction of iron bound to melanin. Consistently 
with the proposed reaction scheme, we observed substan- 
tial increase in the intensity of the melanin free radical 
signal that accompanied the reduction of bound to melanin 
ferric ions. This phenomenon is due to dipol-dipol interac- 
tion of the melanin free radicals with fast relaxing para- 
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Fig. 6. ESR spectra of melanin-Fe(III) complexes recorded at 77 K. 
Signals detected at g = 4.3 (left column) can be assigned to high spin 
ferric complexes with rhombic symmetry [18] while signals observed at 
g = 2.00 (right column) are due to melanin free radicals. Experimental 
conditions: A - melanin concentration 2 mg/ml ,  iron amount 2% w/w;  
B - after the melanin-iron sample was incubated for 30 rain under argon, 
with 1 mM sodium dithionite; C - after incubation for 30 rain under 
argon, with 10 mM sodium ascorbate. ESR spectrometer setting: center 
field 155 mT, sweep with 50 mT, modulation amplitude 0.7 roT, mi- 
crowave power 5 mW; (when recording the iron(Ill) signal) and center 
field 326 mT, sweep width 5 roT, modulation amplitude 0.10 mT, 
microwave power 0.02 mW (when recording melanin signal). 
magnetic Fe(III) [25]. As a result, melanin free radical 
signal is 'quenched' by bound-to-melanin ferric ions. It is 
a reversible phenomenon and, upon reduction of iron to 
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Fig, 7. DHB as a function of iron/melanin ratio. DA-melanin (1 mg/ml)  
with various iron content was incubated for 10 min with H202 (l raM) 
and ascorbate (1 mM) in the presence of 1 mM salicylate. Data points are 
mean + S.D. of values from three experiments. 
diamagnetic ferrous ions, melanin signal increases to its 
original intensity. 
To determine the antioxidant capacity of DAM, we 
measured the yield of hydroxyl radicals generated in the 
ascorbate-driven Fenton reaction as a function of 
iron/melanin ratio (Fig. 7). At low concentration of iron 
(below 1.7% w/w of iron), when raost, if not all of the 
iron ions are bound by the polymer, DAM is a very 
efficient antioxidant, and no generation of free hydroxyl 
radicals can be detected by the DHE; assay. At intermedi- 
ate concentration of iron (1.7-4.5% w/w),  melanin is able 
to sequester a significant percentage of iron ions added to 
the system, even though a small amount of DHB becomes 
apparent. At higher concentration of iron, when the 
iron/melanin ratio is greater than 0.12 (above 4.5% w/w),  
the formation of DHB increases monotonically with in- 
creasing iron content. At this point, the metal-ion binding 
capacity of melanin has been exceeded and DAM is no 
longer capable of sequestering any addition iron ions. 
4.  D iscuss ion  
Results of our present study are consistent with data 
obtained previously for synthetic dopa-melanin [26]. DAM 
exhibits powerful antioxidant properties that are predomi- 
nantly determined by its ability to sequester redox-active 
metal ions, such as iron. It has been unambiguously shown 
that bound-to-melanin ron(III) is not reduced by ascor- 
bate, even though this biological redactant readily reduces 
ferric complexes with citrate, EDTA and DTPA. Since 
dithionite was able to reduce substantial amounts of 
iron(III) bound to melanin, it can be concluded that com- 
plexation by melanin lowers one-electron reduction poten- 
tial of the iron ions, making such ions more difficult to 
reduce by mild reductants. It can not be ruled out that, in 
part, this effect is also due to steric hinderance with the 
bound-to-melanin iron ions being less accessible to reduc- 
ing molecules. Once bound to melanin, ferric ions are well 
protected against undesirable redox activation. This is 
clearly seen in the experiment, in which the yield of OH 
radicals generated by the ascorbate-d:dven Fenton reaction, 
was analyzed as a function of the iron/melanin ratio (Fig. 
7). A significant amount of DHB, an indicator of the 
generation of free hydroxyl radicals, could be detected 
only when melanin became saturated with large amounts 
of iron ions. Such a 'titration' curve, shows a non-mono- 
tonic dependence of DHB on iron/melanin ratio, suggest- 
ing that, in sequestration f iron ions by DAM, more than 
one binding site of melanin is involved. Interestingly, two 
different binding sites in DAM - one with high and 
another with low binding affinity (or iron - has been 
recently reported [27]. 
Saturation of neuromelanin with iron ions increases the 
risk of iron-catalyzed free radical decomposition of hydro- 
gen peroxide. This is due to an increased availability of 
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'free' iron ions that may become redox activated. It ap- 
pears that DAM saturated with iron was able to reduce 
citrated-Fe(III) complexes (Fig. 4). It has been shown that 
basal lipid peroxidation induced by iron can be enhanced 
by DAM [8]. However, it is important to stress that, under 
the conditions employed by the authors of the cited paper, 
DAM was probably saturated with iron ions. 
At this point, it is not clear whether experimental 
conditions analyzed in our model study have biological 
relevance. It remains to be shown whether substantial iron 
overload occurs in pigmented neurons of the SN, and 
whether this could lead to saturation of neuromelanin with 
iron ions. However, there are intriguing observations that 
may support he hypothesis about the role of iron-induced 
toxicity in PD. Thus, an increased basal level of malon- 
dialdehyde and lipid peroxidation in SN of Parkinsonian 
patients have been detected [28], suggesting that oxidative 
stress reactions may have a part in SN cell death in PD. 
Even though different levels of ferritin and iron in the SN 
of PD patients have been reported [29,30], it is conceivable 
that in extreme cases an increased amount of iron will not 
be countered efficiently by increased ferritin level in this 
neuronal tissue. Hence under such cellular conditions, the 
capacity of neuromelanin to sequester i on ions may be 
exceeded, and neuromelanin will no longer act as an 
efficient antioxidant. On the contrary, such a melanin can 
be expected to contribute to the generation of toxic free 
radicals by redox activation of iron ions and/or release of 
accumulated metal ions. 
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